Surface structural features control in vitro digestion kinetics of bean starches by Li, Ping et al.
Accepted Manuscript
Surface structural features control in vitro digestion kinetics of bean starches
Ping Li, Sushil Dhital, Bin Zhang, Xiaowei He, Xiong Fu, Qiang Huang
PII: S0268-005X(18)31008-7
DOI: 10.1016/j.foodhyd.2018.07.007
Reference: FOOHYD 4536
To appear in: Food Hydrocolloids
Received Date: 13 June 2018
Revised Date: 28 June 2018
Accepted Date: 6 July 2018
Please cite this article as: Li, P., Dhital, S., Zhang, B., He, X., Fu, X., Huang, Q., Surface structural
features control in vitro digestion kinetics of bean starches, Food Hydrocolloids (2018), doi: 10.1016/
j.foodhyd.2018.07.007.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Graphic Abstract 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
1 
 
Surface structural features control in vitro digestion kinetics of bean 1 
starches  2 
 3 
Ping Lia, Sushil Dhitalb, Bin Zhanga, c, *, Xiaowei Hea, c, **, Xiong Fua, c, Qiang Huanga, c 4 
 5 
a School of Food Science and Engineering, Guangdong Province Key Laboratory for Green 6 
Processing of Natural Products and Product Safety, South China University of Technology, 7 
Guangzhou 510640, China 8 
b Center for Nutrition and Food Sciences, the University of Queensland, St Lucia, QLD 4072, 9 
Australia 10 
c Overseas Expertise Introduction Center for Discipline Innovation of Food Nutrition and Human 11 
Health (111 Center), Guangzhou, China 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
Corresponding authors (Tel.: +86 20 8711 3845; fax: +86 20 8711 3848;  21 
E-mails: zhangb@scut.edu.cn (B. Zhang); fexwhe@scut.edu.cn (X. He). 22 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2 
 
Abstract 23 
Although many studies have investigated the enzyme susceptibility of bean starches, the factors 24 
that reduce the lower hydrolysis of bean starch are not well understood. In the present study, we 25 
isolated starches from eight commercial bean varieties and established a causal relationship between 26 
micro and macro-structure with α-amylase susceptibility. The in vitro starch digestion kinetic 27 
profiles were monitored at a fixed enzyme concentration, and the data were fitted into the 28 
Logarithm of Slope model to obtain first-order rate coefficients and extent of digestion. Among 29 
eight varieties, pinto bean starch showed the lowest digestion rate (0.0013 min-1) and extent (40.7%), 30 
whereas red kidney bean starch has the highest rate (0.0042min-1) and extent (69.2%). In order to 31 
probe the interdependability of digestion kinetic parameters with starch microstructure, the enzyme 32 
binding capacity, molecular size, crystalline structure as well as thermal parameters of eight bean 33 
starches were correlated as Pearson’s matrix. Whilst, significant correlation was not observed 34 
between digestion rate/extent and the structural parameters, the residual enzyme activity after 35 
binding with starch granules at non-hydrolyzing condition had significant negative correlation with 36 
the digestion rate and extent. Similarly, positive correlation was observed for degree of starch 37 
damage and enzyme susceptibility. Thus, it is concluded that for bean starches with similar 38 
biological origins, the available sites for initial binding of enzymes predominates the succeeding 39 
catalysis rate. 40 
 41 
Keywords: bean starch, structural features, in vitro digestion, first order kinetics 42 
 43 
 44 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3 
 
1. Introduction 45 
Starch is a major plant-based energy reserve for both human and animals. It is composed of two 46 
polysaccharides, essentially linear amylose and highly branched amylopectin, which are densely 47 
packed into a complex semi-crystalline granular structure through photo-synthesis. Among many 48 
botanical origins, bean starches are considered slowly digested both in vitro (Dreher, Berry, & 49 
Dreher, 1984; Hoover & Sosulski, 1985) and in vivo (Tovar, Björck, & Asp, 1992; Noah et al.). The 50 
rate and extent of digestion is related to surface features that hinders the binding of enzymes as well 51 
as intrinsic structural features that affect the catalysis once the enzymes are bound (Dhital., Warren., 52 
Butterworth., Ellis., & Gidley., 2015). Insight into the structural characteristics of bean starches that 53 
influence its enzyme susceptibility is import for potential food application with health and 54 
nutritional benefits.  55 
Starches, except those that are highly chemically modified, are catalytic substrates to amylases. 56 
The amylase action on starch is thus is a function of time, amount of enzyme as well as retention of 57 
enzyme activity during course of digestion (Warren, Zhang, Waltzer, Gidley, & Dhital, 2015). 58 
Therefore, in order to facilitate the comparison among starches for amylase susceptibility, starch 59 
digestion is expressed as a kinetic phenomenon (i.e., rate and extent) rather than a 60 
thermodynamically defined entity. The digestion curve, i.e., the percentage of starch hydrolysis as a 61 
function of time, generally follows the first-order kinetics (Butterworth, Warren, Grassby, Patel, & 62 
Ellis, 2012; Zhang, Dhital, & Gidley, 2013), and the rate coefficient (k) is commonly used to 63 
compare the amylase susceptibility of starches. For example, Dhital et al. (2010) studied in vitro 64 
enzyme susceptibility of size-fractionated maize and potato starches, and suggested that digestion 65 
rate of potato starch is very dependent on the granular size compared with maize starch granules. The 66 
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densely packed supramolecular surface structure along with the absence of pores/channels are 67 
considered as the rate-limiting steps for the slow digestion with “outside-in” digestion pattern of 68 
B-polymorphic(potato) starch granules compared to A-polymorphic (maize) starch granules (Dhital, 69 
Shrestha, & Gidley, 2010; Zhang, Ao, & Hamaker, 2006). 70 
Although many studies have investigated the enzyme susceptibility of bean starches (Chavan, 71 
Shahidi, Hoover, & Perera, 1999; Du, Jiang, Ai, & Jane, 2014; Hoover, et al., 2010), factors that 72 
reduce the hydrolysis of bean starch are still poorly understood. In the current study, we investigated 73 
the structural characteristics from nm (molecular, supramolecular) to µm (granular) and correlated 74 
the structural features with the digestion rate and extent of eight bean starches. We also elucidated 75 
the degree of starch damage and non-catalytic binding of α-amylase on the digestion rate/extent of 76 
bean starches. This study reveals the structural basis controlling the digestion kinetics of bean 77 
starches for potential food application as well as nutritional functionality.  78 
2 Materials and methods 79 
2.1 Materials  80 
All eight bean varieties, i.e., black bean (BB), great northern bean (GNB), navy bean (NB), red 81 
kidney bean (RKB), pinto bean (PB), lima bean (LB), garbanzo bean (GB), and green split bean 82 
(GSB) were purchased from Target Co. Ltd.(Minnesota, USA).Varietal information and images of 83 
eight beans are summarized in Table 1. Granular starches were isolated from bean cotyledons using 84 
a wet-milling method reported by Li etal (2008) (Li, Jiang, Campbell, Blanco, & Jane, 2008). The 85 
purity of the isolated starches which was tested using a total starch assay kit (K-TSTA, Megazyme, 86 
Co. Wicklow, Ireland) was higher than 99%. The protein content of starches was determined by the 87 
Dumas method (Jung, et al., 2003). Porcine α-amylase (A6255), fluorescein isothiocyanate isomer I 88 
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(FITC, F7250) and other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 89 
2.2 Granule characterization 90 
Light microscopy was performed on a BX-51 microscope (Olympus, Tokyo, Japan). One drop 91 
of starch suspension was placed on the microscope slide before covering with a cover slip, and the 92 
images were recorded at 200× magnification. 93 
Confocal laser scanning microscopy (CLSM) was used to investigate the internal structure of 94 
starch granules. Starch samples (50 mg) were stained at room temperature overnight using 300µl of 95 
FITC solution (2 mg per ml in ethanol). The unbound excess dye was removed by repetitive 96 
centrifugation (2200g) in excess water. Confocal microscopic images were acquired at 488 nm 97 
excitation wavelength using a confocal microscope (LSM 700, Carls Zeiss, Germany) (Bhattarai, 98 
Dhital, Wu, Chen, & Gidley, 2017).  99 
Particle size distribution was measured by a Mastersizer 2000 particle size analyzer (Malvern 100 
Instruments Ltd., Malvern, UK). The refractive index of water used for size calculation was 1.33. 101 
2.3 Starch damage  102 
Damaged starch was determined following method (76-30A). Briefly, starch samples (100 mg) 103 
were incubated in sodium acetate buffer (15ml, 100mM, pH 5.0, containing0.005 M CaCl2) with 104 
fungal alpha amylase (Cat.No. E-ANAAM, 50 units) with immediately mixing for 5 min. Then the 105 
mixture was incubated for exactly 10 min at 40°C without further mixing. The reaction was 106 
terminated by addition of 0.2 % (v/v) H2SO4 (5 ml) with thorough mixing, and after 5 min standing 107 
at room temperature the resulting suspension was centrifuged at 2000 g for 5 min. An aliquot (0.1 ml) 108 
of the supernatant was quantitatively transferred to the bottom of a test tube and incubated with an 109 
amyloglucosidase solution (2units) 10 min at 40°C. GOPOD reagent (4 ml) was added to the sample 110 
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and after incubation at 40°C for 20 min, the absorbance was measured at 510 nm. Starch damage is 111 
measured as anhydroglucose derived from starch in damaged granules, and is expressed as starch as 112 
a proportion (%) of total starch weight (dry basis).  113 
2.4 Wide angle X-ray diffraction (XRD) 114 
An x-ray diffractometer (D8 Advance, Bruker, Germany) was operated at 40 kV and 40 mA 115 
with Cu Kα radiation (λ=0.154 nm). The starch powder was packed tightly in a rectangular glass 116 
cell, and scanned over the range 5-35 Bragg angles at a rate of 2°/min at room temperature. The 117 
relative crystallinity was calculated as the ratio of the crystalline peak area to the total diffraction 118 
using PeakFit software (Version 4.0, Systat Software Inc., San Jose, CA, USA) 119 
2.5 Fourier transform infrared spectroscopy 120 
Fourier transform infrared (FTIR) spectra were recorded on a Spectrum FTIR 100 series 121 
Perkin-Elmer spectrometer (Nicolet 5700, Thermo Electron Corporation, Madison, WI, USA) using 122 
an attenuated total reflectance (ATR) single reflectance cell with a diamond crystal. For each 123 
spectrum, 32 scans were recorded at room temperature over the range of 1200-800 cm-1 at a 124 
resolution of 4 cm-1. The ratio of absorbance at wave numbers 1045 and 1022cm-1 was calculated to 125 
represent the ordered short range structure.  126 
2.6 Size-exclusion chromatography (SEC) 127 
Starch samples were debranched using isoamylase following the method by Wang et al (Wang, 128 
Hasjim, Wu, Henry, & Gilbert, 2014). The SEC weight distribution of debranched starch was 129 
analyzed in duplicate using an Agilent 1260series SEC system (Agilent Technologies, Waldbronn, 130 
Germany) equipped with GRAM precolumn, GRAM 100 and GRAM 1000 analytical columns 131 
(Polymer Standards Service, Mainz, Germany) set at 80 °C and a refractive index detector 132 
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(ShimadzuRID-10A, Shimadzu, Kyoto, Japan). DMSO/LiBr solution was used as the eluent, and the 133 
flow rate was set at 0.6 mL/min. Pullulan standards were used for calibration to obtain the 134 
relationship between SEC elution volume and corresponding hydrodynamic radius (Rh) using the 135 
Mark-Houwink equation (Cave, Seabrook, Gidley, & Gilbert, 2009). This relationship was also used 136 
to calculate the degree of polymerization (DP) of debranched starch molecules from Rh. The 137 
amylose content was calculated as the ratio of the area under the curve (AUC) of the debranched 138 
SEC distribution curves for the larger branches (DP>100) to the total AUC for all branches. 139 
2.7 Thermal properties 140 
Thermal properties of bean starches were analyzed using a differential scanning calorimeter 141 
(DSC-8000, PerkinElmer, Norwalk, CT, USA) with an intra cooler, following a published method 142 
(Zhang, et al., 2011). Starch (~3mg, dry basis) mixed with de-ionized water (moisture level 143 
70%)were scanned from 30 to 110 °C at a rate of 10 °C /min in a sealed high-pressure pan. The 144 
enthalpy change (∆H), onset (To), peak (Tp) and conclusion (Tc) temperatures were calculated by 145 
using a Pyris software (PerkinElmer, Norwalk, CT, USA). 146 
2.8 In vitro starch digestion kinetics and Logarithm of Slope (LOS) model  147 
Starch samples (~50 mg, dry basis) were incubated in phosphate buffered saline (15mL) 148 
solution with porcine α-amylase (A6255, 2 units/mg starch, dry basis) at 37 ºC with constant gentle 149 
mixing. At time intervals between 0 and 480 min, 300 µL of aliquot was added into 300 µL of 150 
ice-cold sodium carbonate solution (0.5 M) to stop the reaction, and centrifuged at 2200g for 5 min 151 
to remove undigested starch. The supernatant was used to determine the concentration of maltose 152 
equivalent (reducing sugar) by the para-hydroxybenzoic acid hydrazide (PAHBAH) assay. 153 
(Eq.1) 154 
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The maltose equivalent profile was fitted to first-order equation (LOS plots) and calculated as 155 
follows. 156 
ln                                                       (Eq.2) 157 
where t is the digestion time (min), C is digested starch at incubation time t, C∞ is the digestion at 158 
infinite time, and k is rate constant (min-1). The plot of ln(dC/dt) against digestion time t is linear 159 
with a slope of -k, and C∞ can be calculated back from the intercept of the equation and slope k. 160 
2.9 Enzyme binding to starch granules  161 
In order to unveil the relation of enzyme binding and hydrolysis kinetics, α-amylase binding on 162 
the surface of bean starch granules was monitored under non-hydrolyzing conditions (0 ºC) as 163 
previously reported ( Dhital, Warren, Zhang, & Gidley, 2014). Starch granule dispersion (10 mg/mL, 164 
2 mL) in phosphate buffered saline in 10 mL flat bottom tubes (97 × 16 mm) was immersed fully in 165 
an ice water bath placed above a stirrer plate. The dispersion was equilibrated for 10 min with 166 
continuous stirring at 200 rpm to ensure that the starch suspension obtained a temperature of 0 ºC. 167 
One unit of α-amylase (Sigma A6255) per mg of starch was added and 1.5 ml aliquots were 168 
transferred to microcentrifuge tubes after 5 min incubation. Then the tube was centrifuged at 2000g 169 
for 30s. The activity of residual enzyme in the supernatant determined by hydrolyzing 1% maize 170 
starch and measuring the released reducing sugar using para-hydroxybenzoic acid hydrazide 171 
(PABAH) method as described previously (Dhital, Gidley, & Warren, 2015).  172 
2.10 Statistical analysis 173 
Treatment means were tested separately for least significant difference (LSD) with SPSS 18.0 174 
statistical software for Windows, and the significance level was set at p<0.05. Pearson’s correlation 175 
analysis was also conducted by the SPSS 18.0 statistical software. 176 
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3 Results and discussion 177 
3.1 Granule characteristics 178 
Granule characteristics and particle size distribution of eight bean starches are shown in Fig. 1. 179 
All bean starches are oval and round in shape, in agreement with previous reports (Hoover & 180 
Sosulski, 1991; Jane, et al., 1999). Under light microscopy, starch granules particularly for RKB, 181 
GB, LB are observed with cracks on center of granules, due to the disorganized arrangement of 182 
amylopectin double helices surrounding the hilum region (Blennow, et al., 2003). The average 183 
granule diameter (d0.5) of all bean starches evaluated in the present study are in the order of LB > 184 
PB > GNB > RKB > NB > BB > GSB > GB (Table 2) and size ranging from 19.1 to 28.0µm. The 185 
diversity in the size of starch granules is biologically controlled processes, yet not fully understood. 186 
However, the size of granules induces a natural variability in amylose and amylopectin composition 187 
and conformation, which further impact the physicochemical and nutritional properties, such as 188 
gelatinization, pasting and digestion profiles (Dhital, et al., 2010; Kaur, Sandhu, & Lim, 2010; 189 
Sandhu & Lim, 2008). 190 
Bean starch granules were labeled with FITC to observe the internal structure of starch granules 191 
and the results were shown in Fig.1. All starch granules except for BB starch granules showed 192 
obvious internal cavities (Fig. 1). Such a distinct cavity has also been reported for different starches 193 
(Huber & Bemiller, 1997; Van, Van, & Tromp, 2002). Although the biological significance is not 194 
known, the cavity of starch granules is formed due to the sub-optimal packing of double helices 195 
(Blennow, et al., 2003). It is noteworthy that the fluorescence intensity in the hilum of granules is 196 
stronger, since the hilum region is reported to have higher local concentrations of reducing ends and 197 
is loosely packed than the surface layer.   198 
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The degree of damaged starch was determined by a combination of amylases (Table 2). RKB 199 
showed significantly higher damage degree (0.82%) among eight bean starches, whereas BB starch 200 
granules (0.11%) are least damaged. Starch granules with higher damaged degree have lower 201 
hindrance for enzyme binding as well as diffusion. Further, the damaged granules are hydrated 202 
easily. The synergy of these factors leads to higher amylolysis damaged starch (Gibson, Alqalla, & 203 
Mcclearyt, 1992). 204 
3.2 Crystalline structure and molecular order 205 
X-ray diffraction profiles of eight bean starches are shown in Fig. 2A. All bean starches showed 206 
a characteristic C-type diffraction pattern with main peaks at 5.6, 15.2, 17.3, 18.1, and 23.5° 2θ, a 207 
mixture of A- and B-type in varying proportions (Hoover & Ratnayake, 2002; Zobel, 1984). The 208 
peak at 20° 2θ corresponds to the starch-lipid complex, particular for the NB, PB, LB, GB and GSB 209 
starches. The relative crystallinity of all bean starches were in the range between 27.9% and 35.1% 210 
(Fig.2A), following the order of LB (35.1%), PB (32.4%), GNB (32.1%), RKB (31.0%), NB 211 
(30.6%), BB (30.1%), GB (28.1%), GSB (27.9%). Our current understanding is that double helices 212 
formed by branch-chains of amylopectin molecules result in the ordered structure and relative 213 
crystallinity of starch granules (Kainuma & French, 1972; Sarko & Wu, 2010). The differences in 214 
relative crystallinity could be attributed to crystal size, amount of crystalline regions (influenced by 215 
amylopectin content and chain length distribution of amylopectin), orientation of the double helices 216 
within the crystalline domains, and extent of interaction between double helices (Hoover, et al., 217 
2002). 218 
The infrared spectra and the ratio of absorbance at 1045 and 1022 cm-1 for eight bean starches 219 
are displayed in Fig. S1and Table 2, respectively. The infrared spectra (IR) absorbance band at 1045 220 
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cm−1 is sensitive to the amount of ordered or crystalline structure of starch, and the band at 1022 221 
cm−1 is characteristic of amorphous structure of starch. Thus, the bands at 1045 and 1022 cm-1 have 222 
been associated with ordered and amorphous structures in starch and their absorbance ratio can be 223 
used as an index to characterize the short-range alignment of helices. As results showed in Table 2, 224 
the 1045/1022 ratios of eight bean starches ranged from 1.37 (GB) to 1.57 (BB). The GB starch 225 
showed the lowest 1045/1022 ratio (Table 2), indicating less organized molecular order at the 226 
granule surface (Dhital, Shrestha, Flanagan, Hasjim, & Gidley, 2011), consistent with its lowest 227 
crystallinity value among the eight beans (Fig.2A). It is noteworthy that GSB exhibited a higher 228 
1045/1022 ratio, although the crystallinity of GSB was the lowest compared with other bean 229 
starches. The local molecular order observed form FTIR do not always correlate with the 230 
crystallinity observed from X-ray diffraction. This is consistent with the recent report that rejects the 231 
linear relationships between starch ordered structure and FTIR peak ratios (Warren, Gidley, & 232 
Flanagan, 2016).  233 
3.3 Chain-length distributions (CLDs)  234 
The SEC weight CLDs of glucan chains obtained from debranched starches as a function of Rh 235 
or DP were shown in the Fig.2B. Typical SEC weight CLDs for all samples were bimodal 236 
distribution for both amylopectin (DP< 100) and amylose (DP ≥ 100) (Xu, et al., 2017). The first 237 
peak (denoted by AP1) comprises the short amylopectin branches (DP~20), and normally confines 238 
to one amorphous/crystalline lamella. The second peak (denoted by AP2) represents the long 239 
amylopectin branches (DP~43), which span more than one crystalline lamella. There are also two 240 
bumps for amylose, i.e., the shorter (AM1, DP100-700) and longer (AM2, DP700-4000) amylose 241 
branches. To compare this fine structure among starches, a set of empirical parameters was obtained 242 
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and summarized in Table 2, including DP at the maximum of each peak (termed DPAP1, DPAP2, 243 
DPAM1, and DPAM2) and the height of each maximum relative to that of AP1 (termed hAP2/AP1, 244 
hAM1/AP1, and hAM2/AP1). The DP at the maximum of each peak reflects the relative size of chains in 245 
each group of branches, and the height ratio of each peak maximum to AP1 represents the relative 246 
amount of chains in each group of branches (Shi, Fu, Tan, Huang, & Zhang, 2017). The amylose 247 
content was calculated by the ratio of the area under the curve (AUC) of amylose branches to that of 248 
the overall SEC weight of debranched starch. Amylose content differed among eight bean starches 249 
and varied from 27.7% (BEP) to 30.6% (GSB) (Table 2), within the range reported previously 250 
(Hoover, et al., 1991). 251 
 Apparent differences were observed in the weight CLDs of debranched starch among eight 252 
varieties (Fig. 2B and Table 2).GB starch granules showed the highest DPAP2 (~43.1) and hAP2/AP1 253 
values (0.676), whereas RKB starch granules exhibited the lowest values of DPAP2 (~39.9) and 254 
hAP2/AP1 values (0.559), indicating GB possessed more long amylopectin branches. The amylose fine 255 
structure was also presented in Table 2. The DPAM1 value of LB and GSB, DPAM2 value of GNB and 256 
PB could not be obtained as the peak in the SEC weight of debranched bean starches was broad. 257 
Without these exceptions, LB possessed the highest DPAM2 and hAM2/AP1values among eight varieties 258 
of bean starches. The hAM1/AP1values of BB, GNB, NB, RKB and GB were quite similar, ranging 259 
from 0.173 to 0.192. 260 
3.4 Thermal properties 261 
 The gelatinization temperatures and enthalpy change for eight bean starches are presented in 262 
Table 3. Starch gelatinization is an endothermic transition corresponding to the dissociation of 263 
amylopectin double helices from a semi-crystalline structure to an amorphous conformation. The 264 
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gelatinization temperatures (To, Tp and Tc) ranged from 61.3 to 70.1°C, 68.9 to 76.2°C, and 72.7 to 265 
82.0°C,respectively. Among eight bean starches, BB, GNB, NB, PB and LB exhibited similar onset 266 
gelatinization temperatures. RKB starch showed lower onset gelatinization temperature (Table 3, 267 
62.7 ºC), possibly due to the lower values of DPAP2 and hAP2/AP1 values compared with other bean 268 
starches (Table 2). In general, gelatinization temperatures were positively correlated with long branch 269 
chains of amylopectin, due to higher temperatures being required for dissociation of longer double 270 
helices (Jane, et al., 1999; Park, Ibáñez, Zhong, & Shoemaker, 2007). It was noteworthy that GB 271 
exhibited the lowest gelatinization temperature among the eight starches, although the DPAP2 and 272 
hAP2/AP1values of GB were the highest. These results could be attributed to the lower relative 273 
crystallinity of GB, indicating less interaction in the double-helical crystallites formed by branch 274 
chains of amylopectin (Singh, Singh, Kaur, Singh, & Singh, 2003). This result was also supported by 275 
the relatively lower 1045/1022 ratio (1.37, Table 2), indicating less organized molecular order of GB 276 
granules.  277 
The ∆H value followed the order of LB>BB>GB>NB>GNB>RKB>PB>GSB (Table 3). LB 278 
starch granules showed highest enthalpy change among eight bean starches, which was consistent 279 
with the highest relative crystallinity obtained from X-ray diffraction. However, the enthalpy change 280 
of PB starch granules was significantly lower than that of LB starch granules even though PB starch 281 
granules possessed higher crystallinity among eight bean starch granules. The enthalpy change 282 
observed form DSC results did not always correlate with the crystallinity observed from X-ray 283 
diffraction. Enthalpy change is a combination of the endothermic disruption process of ordered 284 
structure and the exothermic process of granular swelling (Bogracheva, Meares, & Hedley, 2006), 285 
and is mainly influenced by the disassociation of double helical order rather than loss of crystalline 286 
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register (David & Gidley, 1992).The enthalpy change did not show any significant differences (p> 287 
0.05) between BB, GNB, NB, LB and GB starch granules, indicating similar arrangement and 288 
amount of the double helices formed by amylopectin chains of these bean starches. 289 
 290 
3.5 In vitro digestion kinetics 291 
In vitro digestion kinetic profiles of eight bean starches are monitored by a reducing sugar assay 292 
as a function of digestion time (Fig. 3). Digestion rate and extent of given starch or starchy food are 293 
dependent on the intrinsic properties of starch as well as the concentration of the enzyme used 294 
(Warren, et al., 2015). The end-products (i.e., reducing sugar) of enzyme catalytic reaction when 295 
plotted over the time follows a progression curve (Fig. 3) that is fitted to the LOS model (Fig. S2) 296 
(Butterworth, et al., 2012).The digestion rate coefficients (k) and digestion extent at 480min (C480) 297 
are presented in Table 4. The digestion rate of eight bean starches varied significantly from 0.0013 298 
to 0.0042min-1. The PB starch (0.0013 min-1, 40.7%) showed the lowest digestion rate and extent 299 
values among eight bean starches, whereas both values (0.0042min-1, 69.2%) were the highest for 300 
the RKB starches. The higher digestibility of RKB starch granules is partly due to its highest degree 301 
of starch damage (Table 2), internal crack in the hilum (Fig.1) as well as the lowest proportion of 302 
long amylopectin branches (Table 2). Wang et al. (2014) suggested that a higher proportion of long 303 
amylopectin branches is associated with low starch digestion rate, possibly due to the formation of 304 
double helices by long amylopectin chains that slows down the binding process of the digestive 305 
enzymes onto starch substrates (Bogracheva, et al., 2006). In addition, the lower short range 306 
molecular order (1045/1022 ratio, 1.36, Table 2) of RKB starch granules may also contribute to its 307 
higher digestion rate/extent. However, although PB starch granules possessed lower short range 308 
molecular order (1045/1022 ratio, 1.39, Table 2), PB starch granules showed the lowest digestion 309 
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rate and extent. This result could be attributed to the higher crystallinity of PB starch granules. The 310 
presence of the crystalline structure in native starch granules could restrict the ability of the starch 311 
molecules to bind with amylolytic enzymes. The digestion rate and extent values (GNB, 0.0025min-1, 312 
45.7%; NB, 0.0026 min-1, 45.5%) were quite similar, resulting similar digestograms of GNB and NB, 313 
LB and GSB.  314 
3.6 Binding of α-Amylase to starch granules under non-hydrolysing condition 315 
In order to reflect the α-amylase binding ability on native bean starch granules, residual enzyme 316 
activity was determined after 10 min of incubation at non-hydrolysing condition (Fig. 4). The 317 
enzyme activity after binding with bean starches is normalized to the purified enzyme activity 318 
(100%). The initial binding of α-amylase to starch granules may involve the adherence of enzyme 319 
on starch granule surfaces by non-specific hydrogen bonding or Van der Waals interactions (Dhital, 320 
et al., 2014). Measuring the concentration of enzyme that is not bound to starch granules under 321 
non-hydrolyzing condition has been used to determine the binding rates of amylase to starch 322 
granules (Walker & Hope, 1963). Residual enzyme activity after binding with RKB starch granules 323 
(77%), was lowest among eight bean starches. The higher enzyme binding on RKB starch granules 324 
is consistent with higher damaged degree (0.82%, Table 2) as well as the digestion rate (0.0042 325 
min-1, Table 4) and extent (69.2%, Table 4) of RKB starch granules. Similarly, the PB, BB starches, 326 
with lower digestion rate and extent (Fig. 3, Table 4) has higher residual enzyme activity (Fig. 4). 327 
 328 
3.7 Pearson’s correlation analysis between structural and digestion kinetic parameters  329 
Pearson’s correlation analysis is performed to obtain the relationships between the starch 330 
structural features and digestion kinetic parameters (Table 5). The amylolysis rate and extent of 331 
starch granules vary upon the barriers the enzyme encounters to access and then bind to the starch 332 
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granules or upon structural features of starch granules after initial binding. The digestion rate (k) has 333 
a significantly negative correlation (-0.721) with residual enzyme activity after binding with bean 334 
starches (Table 5) and a strong significantly positive relation (0.932) with the digestion extent (C480). 335 
Additionally, starch damage has a strong positive correlation (0.668) with digestion rate (k) and 336 
negative correlation with residual enzyme activity after binding (-0.620). This suggest that the initial 337 
binding interactions of enzyme on starch granules, which is strongly related to surface damage, is 338 
primary determinant for both rate and extent of enzymic catalysis of starches 339 
Digestion rate (i.e., apparent digestion rate coefficient) and extent (i.e., maltose equivalent 340 
released at 480 min of digestion) of starch granules, however, exhibited no significant correlations 341 
with structural parameters of starch such as crystallinity, melting temperatures and enthalpy change 342 
of starch granules, which means that the variation in digestion rate and extent is not determined by 343 
starch crystalline structural features (Xiong, et al., 2018). In addition, there is no significant 344 
correlation between molecular structure (i.e., DPAP1, DPAP2, DPAM1, DPAM2, amylose content,) and 345 
digestion kinetics (i.e., k and C480) parameters.  346 
The strong correlation between kinetic parameters (k, C480) and surface related features 347 
(damaged starch, residual starch activity) suggests that the enzyme susceptivity from similar 348 
biological origin (e.g. beans) are primarily controlled by surface features not by the structural 349 
features. However, the role of higher structural features such as ‘blocklets’ and surface organization 350 
controlling the rate and extend of starch digestion cannot be overlooked. 351 
4 Conclusions 352 
The structural features, enzyme binding capacity and in vitro digestion kinetics of eight bean 353 
starches is determined in the present study, and these parameters are correlated as Pearson’s matrix. 354 
The results showed that the digestion rate is positively related with starch damage degree but 355 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
17 
 
significantly negative related with residual enzyme activity after binding with bean starches. No 356 
significant correlation was found between starch structural (i.e., DPAP1, DPAP2, DPAM1, DPAM2, 357 
amylose content, 1045/1022 ration and relative crystallinity) parameters and digestion rate/extent. 358 
Thus the initial binding of enzyme on starch granules during catalysis process and surface features 359 
are the primary determinants for the digestion rate/extent. 360 
 361 
Abbreviations used 362 
BB, black bean; DSC, differential scanning calorimeter; FITC, fluorescein isothiocyanate 363 
isomer; FTIR, Fourier transform infrared; GB, garbanzo bean; GNB, great northern bean; GSB, great 364 
split bean; LB, lima bean; LOS, Logarithm of Slope; NB, navy bean; PABAH, para-hydroxybenzoic 365 
acid hydrazide; PB, pinto bean; RKB, red kidney bean; SEC, Size-exclusion chromatography; XRD, 366 
X-ray diffraction. 367 
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Appendix A. Supplementary data 378 
Additional data available provided, showing the infrared spectra for eight bean starches (Fig. S1), 379 
First order fits of data obtained from digestion kinetic profiles of eight bean starches with LOS 380 
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models (Fig. S2). 381 
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List of Figures 497 
Fig.1 Light (upper panels) and confocal laser scanning (lower panels) microscopic photos, and size 498 
distribution of eight bean starches(BB, black bean; GNB, great northern bean; NB, navy bean; RKB, 499 
red kidney bean; PB, pinto bean; LB, lima bean; GB, garbanzo bean; GSB, great split bean) 500 
 501 
Fig.2 XRD profiles (panel A) and SEC weight distributions (panel B) of eight bean starches.(BB, 502 
black bean; GNB, great northern bean; NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, 503 
lima bean; GB, garbanzo bean; GSB, great split bean). 504 
 505 
Fig. 3 Digestion kinetic profiles of eight bean starches (BB, black bean; GNB, great northern bean; 506 
NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, lima bean; GB, garbanzo bean; GSB, 507 
great split bean). 508 
 509 
Fig.4 Enzyme activity retained in the supernatant after binding with eight bean starches (BB, black 510 
bean; GNB, great northern bean; NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, lima 511 
bean; GB, garbanzo bean; GSB, great split bean). 512 
 513 
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Fig.2  525 
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Table 1 Varietal information and images of eight beans analyzed in the present study. 541 
bean samples abbreviation genus species images 
black bean BB Phaseolus Phaseolus vulgaris 
 
great northern bean GNB Phaseolus Phaseolus vulgaris 
 
navy bean NB Phaseolus Phaseolus vulgaris 
 
red kidney bean RKB Phaseolus Phaseolus vulgaris 
 
pinto bean PB Phaseolus Phaseolus vulgaris 
 
lima bean LB Phaseolus Phaseoluslunatus 
 
garbanzo bean GB Cicer Cicerarietinum 
 
great split bean GSB Pisum Pisumsativum 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
30 
 
Table 2 Structural parameters obtained from SEC weight CLDs of debranched starches from eight bean starches.1 542 
1 Mean ± standard deviation is calculated from duplicate measurements. “-” means the parameters cannot be identified, because the peak is too small and/or 543 
broad to determine the local maximum, which appears as a shoulder of the adjacent larger peak. Values with different letters in the same column are 544 
significantly different at p< 0.05 545 
2BB, black bean; GNB, great northern bean; NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, lima bean; GB, garbanzo bean; GSB, great split bean. 546 
 547 
sample2  
Starch 
damage 
Degree 
(%) 
Protein 
content 
(%) 
FTIR 
(1045/1022 
ratio) 
average 
diameter 
d0.5(µm) 
amylose 
content 
(%) 
DP of peak maximum in SEC weight molecular size 
distribution of debranched starch 
height of peak maximum in SEC weight 
molecular size distribution of 
debranched starch as a ratio to AP1 peak 
height 
    DPAP1 DPAP2 DPAM1 DPAM2 hAP2/AP1 hAM1/AP1 hAM2/AP1 
BB  0.11e 0.2±0.1b 1.57 24.6e 29.1±0.1cd  18.9±0.0bc 41.8±0.1bcd 222.9±4bc 2159±185ab 0.648±0.006bc 0.180±0.003b 0.133±0.000d 
GNB  0.20d 1.9±0.3a 1.45 27.1c 29.6±1.5bd  19.1±0.0ab 42.5±0.0ab 262±18a - 0.655±0.004bc 0.192±0.013ab - 
NB  0.12e 0.3±0.2b 1.41 25.4f 28.6±0.1d  18.9±0.1bc 41.5±0.0cd 263±19a 2029±63ab 0.666±0.013ab 0.176±0.007b 0.139±0.006d 
RKB  0.82a 0.3±0.3b 1.36   25.6d 29.3±1.4cd  18.1±0.1e 39.9±0.3e 247±7ab 2150±235ab 0.559±0.004e 0.173±0.014b 0.139±0.014d 
PB  0.28c 0.3±0.8b 1.39 27.3b 29.6±0.1bcd  18.8±0.2cd 41.5±0.8cd 218±20bc - 0.664±0.009ab 0.206±0.013a - 
LB  0.21d 0.3±0.5b 1.43 28.0a 30.1±0.5ac 18.5±0.1d 41.2±0.4d - 2390±248a 0.588±0.005d - 0.209±0.002a 
GB  0.35b 2.2±0.2a 1.37 19.1h 29.5±0.5cd  19.4±0.1a 43.1±0.0a  12.9±2c 2025±7ab 0.676±0.007a 0.185±0.002ab 0.161±0.003c 
GSB  0.22d 0.5±0.9b 1.50 24.2g 30.6±0.1a  18.7±0.1cd 42.4±0.1abc - 1942±60b 0.645±0.005c - 0.184±0.000b 
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Table 3 Thermal properties of eight bean starches.1 548 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 
1All data are averages of triplicate measurements with standard deviation. Means in a column with different 559 
letters are significantly different (p< 0.05) by the least significant difference (LSD) test. To, Tp, Tc, and ∆H are 560 
onset, peak, conclusion temperature, and enthalpy change, respectively.  561 
2BB, black bean; GNB, great northern bean; NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, lima 562 
bean; GB, garbanzo bean; GSB, great split bean. 563 
 564 
565 
sample2 To(ºC) Tp(ºC) Tc(ºC) ∆H(J/g) 
BB 66.5±0.3a 75.3±0.3b 82.0±0.2a 16.0±0.3a 
GNB 67.0±0.9a 76.1±0.4a 81.5±0.1a 14.0±0.3ab 
NB 66.6±0.1a 75.8± 0.1ab 82.0±0.5a 14.2±0.5ab 
RKB 62.7±0.2b 71.9± 0.5c 76.4±1.2bc 13.2±0.2b 
PB 66.1±0.5a 75.6±0.4a 81.4±0.8a 13.1±1.5b 
LB 67.0±0.2a 76.2±0.2a 80.4± 0.4a 16.1±0.9a 
GB 61.3±1.1b 67.9 ±0.1e 72.7±0.9d 14.7±0.2ab 
GSB 62.1±0.3b 68.9±0.2d 74.0±0.3cd 12.8±0.1b 
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Table 4 Digestion rate coefficient (k, min-1) and digestion extent at 480 min (C480) of eight bean 566 
starches 1. 567 
 
sample2 k(min-1) C480 (%) 
BB 0.0016g 44.3(2.2)e 
GNB 0.0025e 45.7(3.5) d 
NB 0.0026e 45.5(2.1) d 
RKB 0.0042a 69.2(1.8) a 
PB 0.0013h 40.7(3.2) f 
LB 0.0032c 59.3(1.5) c 
GB 0.0038b 65.5(0.9) b 
GSB 0.0028d 59.0(1.3) c 
1All data are averages of triplicate measurements with standard deviation. Means in a column with different 568 
letters are significantly different (p< 0.05) by the least significant difference (LSD) test.  569 
2BB, black bean; GNB, great northern bean; NB, navy bean; RKB, red kidney bean; PB, pinto bean; LB, lima 570 
bean; GB, garbanzo bean; GSB, great split bean. 571 
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Table 5. Pearson’s correlation matrix between structural and digestion kinetic parameters of eight bean starches. 572 
 573 
 k C480 
Degree of  
starch 
damage 
Protein 
content 
Enzyme 
activity 
retained 
amylose 
content 
Average 
Diameter 
d0.5 
Relative 
crystallini
ty 
FTIR(10
45/1022 
ratio) 
DPAP1 DPAP2 DPAM1 DPAM2 hAP2/AP
1 
hAM1/A
P1 
hAM2/A
P1 
Tp ∆H 
k 1                  
C480 0.932
*
* 1                 
Degree of 
starch 
damage 
0.668 0.692 1                
Protein 
content 0.305 0.191 -0.017 1               
Enzyme 
activity 
retained 
-0.721
* -0.666 -0.620 0.233 1              
amylose 
content 0.109 0.328 -0.016 0.070 -0.231 1             
Average 
Diameter 
d0.5 
-0.382 -0.439 -0.087 -0.540 -0.190 0.080 1            
Relative 
crystallinity -0.156 -0.240 -0.045 -0.296 -0.175 0.005 0.819* 1           
FTIR(1045/1
022 ratio) -0.261 -0.088 -0.425 -0.262 0.077 0.666 0.179 -0.162 1          
DPAP1 -0.270 -0.342 -0.588 0.720* 0.693 -0.151 -0.549 -0.383 -0.121 1         
DPAP2 -0.195 -0.183 -0.598 0.711* 0.572 0.245 -0.548 -0.476 0.236 0.907** 1        
DPAM1 0.122 -0.077 -0.015 -0.046 -0.370 -0.049 0.277 -0.127 0.306 -0.190 -0.095 1       
DPAM2 0.383 0.392 0.099 -0.297 -0.289 0.009 0.184 0.493 0.022 -0.432 -0.429 -0.246 1      
hAP2/AP1 0.534 -0.575 -0.669 0.429 0.695 -0.177 -0.401 -0.441 -0.009 0.895** 0.808* -0.063 -0.674 1     
hAM1/AP1 -0.355 -0.347 0.038 0.265 0.415 -0.216 -0.305 -0.611 -0.106 0.391 0.325 0.169 -0.917** 0.593 1    
hAM2/AP1 0.364 0.475 -0.140 -0.026 -0.419 0.735* 0.026 0.205 0.466 -0.166 0.125 -0.116 0.518 -0.305 -0.741 1   
Tp -0.559 -0.706 -0.374 -0.383 0.218 -0.373 0.811* 0.793* -0.093 -0.150 -0.348 0.093 0.227 -0.073 -0.257 -0.232 1  
∆H -0.064 -0.076 -0.418 -0.008 0.372 -0.199 -0.025 0.351 -0.017 0.200 0.091 -0.459 0.746* -0.056 -0.640 0.272 0.355 1 
 **
 Correlation is significant at the 0.01 level. *Correlation is significant at the 0.05 level. 574 
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Highlights 
- Investigate structural basis of bean starches for the differences in enzyme 
susceptibility. 
- Molecular/crystallinity structure of bean starches does not correlated with digestion 
parameters. 
- Initial enzyme binding and surface organization of bean starches is the primary 
determinants for digestion kinetics. 
 
 
 
